Microbiological assay procedures utilizing four microorganisms (Escherichia coli, Lactobacillus leichmannii, Ochromonas malhamensis, and Euglena gracilis) have been developed, and are in common usage for the determination of vitamin B12 . The use of E. coli and L. ieichmannii is more common because the growth response is much more rapid (18 to 24 hr) , with E. coli being less sensitive. However, L. ieichmannii responds to deoxyribosides and deoxyribotides and many of the cobalamins not in the cyano form, and E. coli responds to methionine and almost all of the known vitamin B12 group of compounds. 0. malhamensis and E. gracilis are much more specific in their requirements and are highly sensitive, the former being the more specific and the latter being the more sensitive organism. However, these two organisms have not been used as frequently because the growth response of both is slow (5 to 7 days), and there is a light requirement for E. gracilis (3, 6, 7, 8, 26, 28) .
This study resulted from an investigation in 1 Presented in part at the 64th Annual Meeting of the American Society for Microbiology, Washington, D.C., 3-7 May 1964. which variations were found in the storage patterns of vitamin B12 in rat liver and kidney tissue induced by coordinated simultaneous dietary modifications of choline and vitamin B12 . It was decided to use the four different microbiological assay procedures with the thought that the four assay organisms would give a broader and more definite idea of the amounts and forms of vitamin B12 being stored in the two organs. However, from the beginning, we observed significant differences in the response by the four assay microorganisms for portions of the same sample based on the same standard preparations, and it seemed that these differences were of such a nature that they could not be completely explained by the differences in sensitivity and specificity of the four microorganisms (7, 8, 28) .
Other reports also have indicated differences in growth response of two or more of these organisms to the same mammalian material and have given support to the idea that more than differences in the specificities of the organisms is involved and that the values obtained for vitamin B12 by these microbiological assays will need reevaluation (1, 9, 11, 19, 20, 27) .
In mammalian tissues, vitamin B12 has been found to occur in only one nucleotide (adenine) form, as a coenzyme for only 1,2-propanediol and in trace amounts as methyl B12 (29) . The vitamin has been found only in the bound form in the liver, but bound to several proteins (22) . The microbiological assays determine only the free vitamin.
This investigation provides for the first time a comparison of the growth responses of all four organisms to liver and kidney preparations from litter-mate animals of known dietary treatment. Some of the factors which might have affected results have been eliminated. Whether the differences in growth response are due simply to the total amount of vitamin originally bound to the protein or to a difference in the nature of the bound forms remains unanswered.
MATERIALS AND METHODS
Water and glassware. Contamination of glassware with vitamin B12 was a problem throughout this study. Vitamin B12-free water was prepared by redistilling water in an all-pyrex glass still. The containers of water were then plugged with cotton and autoclaved at 15 psi and 121 C for 15 min. Once opened, the containers of water were kept plugged and refrigerated. All media, saline, and other solutions used in the assays were made up with this water. All glassware was washed with hot water and detergent, rinsed 10 times with tap water, rinsed twice with distilled water, rinsed once with vitamin B12-free water, and finally autoclaved at 15 psi and 121 C for 15 min either filled with or immersed in B12-free water. This was followed by drying at 150 C and storing either capped or in an inverted position.
Stock cultures and assay inocula. The microorganisms utilized in the assays were E. gracilis ATCC strain Z, 0. malhamensis ATCC 11532, E. coli ATCC 11105 (113-3 Davis), and L. leichmannii ATCC 7830. E. gracilis was maintained in 10 ml of the maintenance basal medium of Hutner et al. (12) in 15 by 120 mm screw-cap pyrex tubes, transferred weekly, and incubated and maintained at 28 to 30 C in water-filled glass tanks 2.5 cm above 40-w, warm, white fluorescent lights. For assay inoculum, a 5-day-old culture was washed three times in Hutner assay basal medium (12) and resuspended in 10 ml of the same medium. Each assay tube was inoculated with one inoculating loopful (3-mm loop) of the washed cell suspension.
0. malhamensis was maintained in a medium containing 0.2% skim milk (Difco), 0.05% Trypticase (BBL), and 0.1% sucrose with a pH of 5.6 to 6.4 dispensed in 15-ml amounts into 16 by 150-mm screw-cap Pyrex culture tubes. The culture was transferred once a month, incubated in the light (30.48 cm above a 40-w, warm, white fluorescent lamp) at 28 to 30 C for 5 days, and stored in the dark at 18 C. For assays, a 5-day-old culture was washed three times in 0.85% saline and the washed cells were resuspended in 10 ml of saline. One drop of the washed resuspended cells from a 1-ml pipette was the inoculum for each assay vial.
E. coli was maintained on Nutrient Agar (Difco) slants, transferred every 2 weeks, incubated for 24 hr at 37 C, and stored at 10 C. For assays, an 18-hr Nutrient Broth (Difco) culture was washed three times in 0.85% saline, and resuspended in saline to 70% transmittance read on a Spectronic 20 colorimeter (Bausch & Lomb, Inc., Rochester, N.Y.). One drop of this cell suspension from a 0.2-ml pipette was used as the inoculum for each assay flask.
L. leichmannii was maintained in a liquid medium of the following composition: 1,000 ml of skim milk (Difco), 5 g of yeast extract (Difco), and 100 ml of tomato juice (from filtered, canned whole tomatoes; pH 7.0). This medium was dispensed in 15-ml amounts into 16 by 150-mm screw-cap Pyrex culture tubes. The culture was transferred every 2 weeks, incubated at 37 C for 24 hr, and stored at 10 C. For assays, the culture was serially transferred three times for 3 consecutive days in the inoculum culture medium of Lichtenstein et al. (19) , and a 24-hr culture of the third transfer was washed three times in 0.85% saline. The sedimented cells from the third washing were suspended in 10 ml of suspension medium, followed by serial dilutions (19) . One drop of the final dilution (10-i) dispensed from a 0.2-ml pipette was used as inoculum for each of the assay tubes.
Tissues, sample preparations, and assay procedures. The livers and kidneys used were from a study of the interrelationship of vitamin B12 and choline. Littermate weanling rats were fed the diet described by Frost (10) for the biological assay of vitamin B12, but without sulfaguanidine and iodocasein. For 2 weeks, the choline was withheld to produce a state of stressdepletion of choline and vitamin B12. They were then given a low level of vitamin B12 subcutaneously (1.5 pg/week) and divided into two groups. One group, referred to as the high choline group, received the normal amount of choline (1.0%). The other, referred to as the low choline group, received one-half that amount. At the end of the 4-week supplementation period, during which time food consumption was litter-controlled, the choline and vitamin B12 were withdrawn for a terminal 2-week period referred to as the depletion period. Representative animals were killed at 2-week intervals throughout the 8-week experimental period. At each killing, the animals were bled and the livers and kidneys were removed immediately, wiped dry, and frozen. The frozen livers and kidneys were homogenized, lyophilized, and stored at -18 C.
The Lichtenstein method (19) was the routine method of sample preparation for the comparative assays. Other methods, such as that of Hutner et al. (12) , were employed occasionally for comparison of the amount of vitamin B12 released and also to determine the possible presence of interfering factors.
The assay procedures used were those of Lichtenstein et al. (19) (19) , was filtered. The filtrate was brought to 100 ml with B12-free water. A 50-ml amount was pipetted into a 150-ml beaker and then treated by the method of Leevy et al. (18) , with autoclaving at pH 11.5 to 12.0 for 30 min. The mixture was adjusted to pH 7.0 and brought to a volume of 100 ml with B12-free water. The untreated 50 ml was also brought to a volume of 100 ml. Samples of both were assayed by means of the four microorganisms as described.
To determine whether the stability of the sample during autoclaving with the basal medium was a factor in the comparative studies, modifications of the methods of Kato and Shimizu (15) , by the use of ascorbate, were used with E. coli, 0. malhamensis, and E. gracilis. L. leichmannii was not used because the basal medium for this organism contained ascorbate. Each sample was prepared by the usual method (Lichtenstein) and was then divided into three portions. As a control, one portion was handled in the usual way, i.e., added to the basal medium and then sterilized in the autoclave prior to inoculation. A second portion was added to the basal medium to which also had been added ascorbic acid giving a final concentration of 2.0 mg of ascorbic acid/ml. This sample, ascorbic acid-basal medium mixture, was sterilized in the autoclave prior to inoculation. The third portion of sample was sterilized by filtration through a Seitz filter and added aseptically to the basal medium, which had been sterilized by autoclaving.
Chromatography. The possibility of more than one form of vitamin B12 being present in the samples prepared by the Lichtenstein method was checked by three chromatographic procedures. For paper chromatography, the sample preparations were concentrated by partial freezing at -10 C (25). The frozen mush was stirred with a fine glass rod and the free liquid, approximately one-sixth the original volume, was decanted. Approximately 10.0-pliter portions of each sample were applied to two papers (Whatman no. 1, 1.5 by 30 cm2) and developed by ascending chromatography in all-glass tanks in dim light with water saturated n-butanol. The papers were air-dried and cut into two vertical lengths to give a total of four strips for the four microorganisms. Each strip was cut into 1-cm segments, which were dropped into the appropriate basal medium and prepared for assay as previously described. Cyanocobalamin (1 pg; Merck & Co., Inc., Rahway, N.J.) was also treated in a similar manner as a control.
Paper electrophoresis was performed on 2.54-cm Whatman 3 MM paper on a horizontal frame (Microchemical Specialties Co., Berkeley, Calif.). The papers were moistened with 0.5 N acetic acid (pH 2.7). Approximately 10 lOiters of the sample were applied 5.5 cm from the cathode, and then run for 12 hr in dim light at 100 v/7 cm. The papers were air-dried and 5-mm cuts were treated as previously described for assay with the four microorganisms.
Chromatographic separation of the naturally occurring vitamin B12 complexes was performed on Sephadex C-50. The gel was prepared according to the directions in the Pharmacia bulletin (5). In the final treatment, the gel was washed three times with acetate buffer (pH 5.6; 0.1 ionic strength) and packed into a 3 by 15-cm column to a height of 8.5 cm. A fiber glass filter was placed at the top of the column. A water homogenate (1 ml; 5 mg/3 ml) of a liver or kidney lyophilate was applied and washed into the column with three separate 1-ml portions of the acetate buffer. Then, in succession, were added 18 ml of the acetate buffer, 30 ml of tris(hydroxymethyl) aminomethane (Tris)-hydrochloride buffer (pH 7.0; 0.1 ionic strength), and NH40H-NH4Cl buffer (pH 8.6; 0.2 ionic strength) to the end of the run. A total of 50 3-ml eluant fractions were collected (Buchler Instruments, Inc., Fort Lee, N.J.) and assayed for protein absorbency at 280 nm. Wherever a protein peak occurred, that fraction and the fractions just preceding and following it were pooled, mixed, and divided into four 2-ml portions for comparative assay according to previous descriptions.
RESULTS
All organisms indicated a general increase of vitamin B12 in both the liver and kidney when the diet had been supplemented with choline and vitamin B12 and a marked drop in the terminal deficiency period. However, each organism had a specific pattern that appeared to vary with the tissue studied.
Livers and kidneys from the different dietary groups were prepared by the Lichtenstein method and samples of the same preparations were assayed using the four microorganisms. In this method, citric acid is used in the heat denaturation of the liver and kidney proteins and the liberation of bound vitamin B12 , and metabisulfite is present for vitamin stabilization. The results obtained with the livers are summarized in Table  1 and those for the kidneys in Table 2 .
With the liver, when considering overall assay values, those for E. coli were highest (6 out of 7) and those for E. gracilis were lowest (5 out of 7; (Table 1) .
With the kidney E. coli again gave higher values (5 out of 7), but only two of these were actually significant differences when compared to values obtained with L. leichmannii and E. gracilis (Table 2 ). In fact, one could say that there was general agreement with these three organisms. With only one exception (4-week high), the E. coli values were very significantly greater than those with 0. malhamensis. The values obtained with the Hutner method of sample preparation with kidney were much lower than with the Lichtenstein method (Table 2 , two far right hand columns).
In addition to the differences shown by the organisms toward kidney and liver tissue, there were differences shown toward the type of diet given the animals originally. These differences were shown more markedly in the kidney samples. All four organisms indicated an increase of vitamin B12 above the deficient level of about 100% by the second week, and L. leichmannii and E. gracilis had a higher level for the 2-week high group that was statistically significant. By the 4th week of supplementation, four different patterns emerged. E. gracilis showed a further increase at the 4th week for the low group, but a decrease for the high group, giving a difference of 47.9 versus 34.0 ng of vitamin B12 that was statisti- Also investigated was the possibility that the presence of an alkali-heat-stable factor (11, 18, 24) might be influencing the results. E. coli indicated an absence of this factor, whereas the other three organisms indicated a varying but substantial amount. However, L. leichmannii and E. gracilis showed a negligible amount in tissues from rats on the deficient diet (Table 4) .
Another approach tried was the addition of ascorbic acid to the sample plus basal medium mixture before autoclaving, and the aseptic addition of the sterilized-by-filtration sample to the autoclaved medium to protect the hydroxocobalamin from decomposition, as reported by Kato and Shimizu (15) . With Fig. 1, 2 
DIscussIoN
From the beginning of this investigation, marked differences in the growth response by the four assay microorganisms to portions of the same sample and standard preparations were observed, and it was felt that these differences could not be completely explained by the differences in sensitivity and specificity of the four microorganisms.
When this investigation was begun, no thorough comparison had been made of the four commonly used presumably animal tissues are normally comparatively free of such substances (11) . The response to deoxyribonucleosides should not interfere with the results since L. ieichmannii requires about 1,000 times more of these substances than vitamin B12 for a growth response (4) . With E. coli, methionine can replace the vitamin, but it interferes only when present in amounts 50,000 times that of the vitamin (2) . Most materials of animal origin present no problems as far as methionine is concerned (13) . In all cases, the growth response of the organisms to factors other than vitamin B12 is much less than to the vitamin.
From these facts, it had been expected that the growth response of the four assay microorganisms for any single sample would differ in the following order: L. ieichmannii > E. coli > E. gracilis > 0. malhamensis. In all instances when liver tissue was assayed, the greatest growth response was obtained with E. coli, and the response was many times greater than that of the three other microorganisms which compared quite closely with each other. Krieger reported unusually high values for E. coli, but this was with a crude B12 fermentation product (17) . When kidney tissue was being assayed, all values were much higher; this was expected because in the rat more vitamin B12 is stored in the kidney than in the liver (28) . Once again, E. coli gave higher values with two exceptions (4-week low and 4-week high rats), in which cases L. ieichmannii was the highest. In many instances, however, the growth response of L. leichmannii approximated that of E. coli. The lowest values (very much lower) were most often obtained with 0. malhamensis. It was at this point that different methods of sample preparation and different assay procedures were carried out to try to identify or to rule out active or interfering substances, other than vitamin B12, to help in the interpretation of the data. Lichtenstein et al. had not tested for the form of vitamin B12 in the samples (19) .
In the method of Hutner et al. (12) , a water homogenate of the sample is added to the basal medium (pH -3.6) and the mixture is heated in a boiling-water bath for 15 min, thus bringing the free vitamin B12 and the proteins into solution. The results using E. gracilis indicated that, as far as liver is concerned, both the method of Hutner and that of Lichtenstein were extracting equivalent amounts of the same form of vitamin B12.
With kidney, the results indicated that bound vitamin B12 is more stable and that the bufferbisulfite method of extraction at pH 4.3 is more efficient. It has been reported that the bound form of vitamin B12 is more labile in liver than in kidney (22) . Krieger stated that the sodium metabisulfite treatment of a sample was of value in the stabilization of the naturally occurring analogues of vitamin B12 (17) . Others have recommended sulfite for protecting cobalamins, especially hydroxocobalamin (28) .
Many workers have stated that the use of potassium or sodium cyanide in the extraction of vitamin B12 from the sample is advisable to convert the less stable cyanide-free cobalamins to cyanocobalamin (11, 27) . However, when E. coli 113-3 is being used as the assay organism, it has been cautioned that because of the great sensitivity of this strain to cyanide, it should be present at some level less than 5 jig/ml (13) and that all excess cyanide must be removed (2) . In the comparison of the sample preparation procedures using bisulfite, cyanide [as described by Hedbom (11) ], or water, it would appear that all three methods are comparable as far as E. gracilis is concerned. However, when one compares the results of 0. malhamensis and E. coli, the bisulfite method would seem to be the most effective in extracting and stabilizing active forms of vitamin B12. Here again, great differences among the microorganisms were observed. The bisulfite method is conducted at an acid pH (4.3) and the cyanide method at a pH of 8.0, so active substances destroyed or affected by alkali treatment are still present with the bisulfite treatment. Skeggs recommends a cyanide treatment at an elevated temperature with an acid pH (27) . This could explain why the values with E. coli were so much higher in this particular comparison, and also why they were higher throughout the whole study, whereas Hedbom (11) obtained higher values with L. ieichmannii. This was confirmed in the next study that was made to determine whether the presence of an alkali-heat-stable factor (11, 18, 23) (24) . It has also been pointed out that in the assay of crude materials such as liver, quite often the vitamin is protected from the action of the alkali (24) . However, with the preparation procedures used, presumably free vitamin B12 results from the treatment of the samples. Another rather unexpected result was that the response of 0. malhamensis was so much higher with the bisulfite method as opposed to the cyanide method.
As a follow-up to these experiments, sterilization of the sample by filtration rather than by heat indicated that no great amount of activity was destroyed by the sample being autoclaved with the medium. It has been suggested that filtration should be used, or that a reducing agent or KCN should be added to protect or convert the hydroxo-Bl2 to keep it available for the assay (14, 24) .
Vitamin B12 occurs in mammalian liver primarily bound to proteins in the cobamide form with about 3% in the methyl form (29 (11) converted all to the cyano form, found only a single active substance, and yet found statistical differences between vitamin B12 values for a liver preparation with three organisms. Lichtenstein et al. found differences for foods other than liver using two organisms (19) .
At this point in our investigations, we can state that, when using cyanide in the preparation of samples, all that is known about the samples is the total activity, since all forms of vitamin B12 present presumably are converted to the cyano form. When using the bisulfite method, as we did most of the time, there are several active forms of the vitamin present both in the crystalline vitamin B12 and the sample preparations, hydroxocobalamin being one of the major components, as indicated by various chromatographic procedures. Neither method actually indicates in what form or how much of what form is present in the tissue prior to the extracting treatment. Also, we are not that certain of the completeness of the extraction or of the specificity of the assays of crude material. The glaring fact remains that differences in the response by all of the assay microorganisms occur no matter what procedure is used, and these differences cannot be explained by the method of preparation or by the known specificities of the organisms. Generally speaking, the response of E. gracilis seems to be a better indication of the state of vitamin B12 in both the standards and the samples.
We very definitely concur with others that the various microbiological assays for vitamin B12 certainly have limitations, and that the results obtained might essentially be quite invalid.
So long as so little is known about the native form of the vitamin in the tissues and about the chemical nature of the active substances in the sample preparations, the results should be stated in terms of treatment of the sample and the assay procedure (microorganism) used.
